1. Four mature Friesian cows were used in a Latin square design experiment to measure the effects of abomasal casein infusion on milk production and the kinetics of glucose, acetate and palmitate in jugular venous blood.
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cows in early lactation. As indices of fatty acid metabolism, we used whole-body fluxes of acetate and palmitate (Konig et al. 1979) . To examine any effects of protein supplementation on metabolism of glucose, whole-body flux of glucose was also measured. It has sometimes been observed that modification of protein status in lactating ruminants can influence concentrations of growth hormone (GH) in blood (Oldham et al. 1978 . For this reason blood GH concentrations are also reported. A preliminary report of this work has been published (Konig et al. 1981 ).
E X P E R I M E N T A L

Animals and management
Four mature Friesian cows were used. They were prepared surgically in the fourth or fifth month of pregnancy with an abomasal fistula. A Folatex catheter with a 75-100 ml balloon (Escham Bros. and Walsh Ltd, Lancing, Sussex) was inserted into the fistula a few weeks after surgery and was replaced as necessary.
The cows were housed in concrete stalls and milked twice daily at 08.00 and 16.00 hours. They were offered daily 4 kg hay, 3 kg alkali-treated straw cubes and 9 kg pelleted concentrates (g/kg: barley 700, maize 237, urea 13, mineral supplement 50). The whole ration contained 110 g crude protein (N x 6.25)/kg dry matter.
In order to establish, as closely as practicable, a steady state for the tracer kinetic measurements, the concentrates were dispensed in equal portions at hourly intervals and hay was given in four portions at equal time intervals between 06.00 and 22.00 hours. There were no refusals of food during the experimental period.
Treatments and design
The cows were supplemented per abomasum with 0,240 and 460 g/d sodium caseinate in a 3 x 3 Latin square experimental design modified for an extra cow as described by Pearce (1952) . Treatment periods lasted 21 d beginning 1 week post partum; measurements were made during the last week of each period.
Procedure
Sodium chloride (0.16 M) and sodium caseinate (50 or 100 g/1 in water) were infused into the abomasum at a known rate.
The day before each experiment the cows were fitted with indwelling catheters (Portex Ltd, Hythe, Kent) in each jugular vein, to allow continuous infusion of metabolite tracers. On one occasion (period 3, 240 g casein infused/d), when only one vein could be catheterized, a single injection of tracer was used.
To measure whole-body flux rates of acetate, palmitate and glucose, [U-Wlacetate, [9, 10-3H]palmitate and [6-3H]glucose were infused simultaneously into the jugular infusion catheter for 1.5, 2 and 4 h respectively.
[6-3H]glucose was chosen in preference to [U-14C] glucose so that flux rate measurements for glucose included the extent of cycling of carbon between glucose and lactate (Cori cycling) since it is known that Cori cycling may account for up to 15% of glucose flux in lactating ruminants (Kronfeld, 1977; Wilson et al. 1981) . The choice of [6-3H] [9, 10-3H] palmitic acid (5 mCi; Amersham International) in n-hexane-benzene (1 : 1 v/v) was dried under nitrogen at 40" and taken up in 0.5 ml potassium hydroxide (0.2 M). Approximately 15 ml plasma was added and the mixture diluted with sterile saline (0.16 M). The infusion rate for each isotope (approximately 1 ml/min) was measured by weight. Samples of blood were removed from the opposite catheter immediately before infusion and during the final 3C90 min of each infusion period.
In the single injection experiment the radioisotopes in approximately 20 ml sterile saline (0.16 M) were injected into one jugular catheter, followed by an equal volume of unlabelled saline solution. This procedure took about 30 s. Samples of blood were then withdrawn with decreasing frequency, for up to 2-5 h after injection. The volume of infusate injected was measured by weight.
Samples of milk were taken from the last six consecutive milkings in each experimental period; milk composition was measured in a sample bulked in proportion to yield.
Analyses
The concentrations of fat, protein and lactose in milk were measured on an infra-red milk analyser (IRMA, Mark 11; Grubb Parsons, Newcastle upon Tyne).
Blood samples (1 5 ml) for analysis of glucose were immediately deproteinized by mixing with deionized water (30 ml) and with the addition of 0.15 M-barium hydroxide (1 5 ml) and 0.3 M-zinc sulphate (1 5 ml) according to Somogyi (1945) . They were centrifuged at 3000 g for 15 min. The concentration of glucose in the supernatant fraction was measured using an automated procedure (Boehringer Co., Lewes, East Sussex) based on the glucose oxidase method of Werner et al. (1970) . Glucose was prepared for radioactive counting by isolating the P-glucose pentaacetate (GPA) derivative as described by Jones (1965) .
In continuous infusion experiments the specific radioactivity (SRA) of blood carbon dioxide was estimated by the method of Hinks et al. (1966) . Plasma volatile fatty acids (VFA) were extracted from 1 ml plasma by the method of Gardner & Thompson (1974) . The concentration of plasma acetate was determined by gas-liquid chromatography (Pye 104, Pye Unicam Ltd, Cambridge), 14C0, in the effluent from the flame ionization detector corresponding to acetate in the sample was trapped using a descending film absorption cell system based on that of Wels (1977) . The overall efficiency of the system (approximately 45%) was measured by collecting 14C0, from a [U-14C]acetate standard. The efficiency of extraction of acetate from plasma was approximately 100%.
Plasma lipids were extracted from 1 ml plasma by the method of Folch et al. (1957) as modified by Storry & Millard (1965) . The extracted lipids were separated by thin-layer chromatography as described by Tuckley & Storry (1974) . Fatty acid methyl esters were prepared and the concentration of palmitate was determined by gas-liquid chromatography (Pye 104). Radioactivity in 10 pl of the methylated sample was corrected for the efficiency of extraction of NEFA in each sample (approximately 70%).
Radioactivity in infusates and samples was measured on a Packard Tricarb Model 3255 liquid scintillation counter. Plasma GH was measured by radio-immunoassay (Hart et al. 1975 ) with the modification that bovine GH (NIH-GH-B,, 1.5 i.u./mg) was used as both the iodinated hormone and standard.
Calculations
In continuous infusion experiments metabolite flux rate was calculated by dividing the infusion rate by the 'plateau' SRA of the metabolite. In the single injection experiment metabolite flux rates were estimated as described by Shipley & Clark (1972) :
where I is the specific radioactivity (disintegrations/min) injected and SRA is the specific radioactivity of the-metabolite at time t after injection. .. . .
The log, SRA v. time curves were not linear and were interpreted as the sum of two exponential functions :
by using a least squares procedure to fit the curves.
Statistical analysis. The results were analysed according to Pearce (1952).
R E S U L T S
Validity of measurements ofJux rate It is important in experiments of this kind that the assumptions of the method are met; in particular, with estimates of metabolite flux, the pools of the metabolite under study should be in a dynamic steady state (Shipley & Clark, 1972) . Fig. 1 gives examples of the pattern of SRA and plasma concentrations of glucose, acetate and palmitate obtained in flux measurements.
. . . .. . . The steady pattern of SRA and concentration were taken as reasonable validation that the cows were in a metabolic steady state when the measurements were made.
Milk yield and composition
Infusion of casein produced small, non-significant increases in both milk yield and concentration of protein in milk (Table 1) . Milk protein was significantly (P < 0.05) increased by casein infusion. There was no change in either concentration or yield of lactose or fat in milk. Values in the same column which do not share a common superscript letter were significantly different ( P < 0.1).
Palmitate metabolism
Plasma palmitate concentration was not affected by treatment, but palmitate flux rate increased significantly (P < 0.1) as a result of infusing 240 g caseinld ( Table 4) .
Plasma GH
Mean (with SED) concentrations of GH in plasma were 7.7, 4.7 and 5.9 (1.77) ng/ml at 0, 240 and 460 g caseinld respectively. The differences were not significant.
DISCUSSION
Abomasal infusion of 240 g caseinld increased milk yield by 8% and yield of milk protein by 15% but no further response was achieved by increasing casein supplementation to 460 g/d. This scale of response and pattern of diminishing return to increments of casein is comparable to results of other studies with well-nourished cows (Clark, 1975 (1981), the cows used in our study were in negative energy balance throughout (-23, -21 and -23 MJ ME/d for treatments 0, 240 and 480 g casein/d respectively) but the extent of energy deficit was not affected by casein supplementation.
An important difference between the cows used by Orskov et al. (1977) and those used in the present study was the extent of underfeeding (negative energy balance) imposed by the basal ration. Orskov et al. (1981) observed that cows in slight negative energy balance did not respond to replacement of a highly degradable dietary protein source (groundnut meal) by a relatively undegradable dietary protein source (fish meal), but cows in substantial energy deficit did. It has been suggested that part of the reason for this sort of difference may be in the nature of the energy-yielding nutrients provided by the diet rather than, simply, the level of feeding (Lees et al. 1982) . Rumen fermentation of diets which contain a high proportion of starch may result in an enhanced secretion of insulin favouring partition of nutrients towards body tissue rather than milk (Hart, 1983) . The potential for a large production response to supplemental protein may therefore be reduced and this may have been a factor contributing to the lower response to casein in the present experiment where a diet with a high cereal content was used.
Tracer measurements
Casein infusion increased mean flux rates of glucose, acetate and palmitate at the level of significance P < 0.1. The nature of the measurements, and their cost, inevitably results in experiments of this kind being small in scale with consequent difficulties in achieving conventional levels (P < 0.05) of significance in observed effects.
Special care is therefore needed in interpretation of the observations. Our results for glucose flux substantiate those of others (Clark et al. 1977; Ranawana & Kellaway, 1977) who also found that casein infusion had non-significant (P > 0.05) effects on glucose flux. This consistency between experiments strongly suggests the effect is real. At present there are no other results against which to compare our results for acetate and palmitate.
Glucose metabolism
The increase in glucose flux when casein was infused, measured as change in glucose flux (g/d per g supplemental casein), was similar in magnitude to earlier reports (Table 5) and substantial in comparison with theoretical assessments of potential glucose yield from glucogenic amino acids, usually quoted as 550 g glucose/kg protein (Krebs, 1965) . However, it seems unlikely that the change in flux was wholly the result of increased gluconeogenesis from amino acids. As Lindsay (1976) has pointed out, direct oxidation of amino acids substantially exceeds glucogenesis, typically in the ratio 4: 1. If we assume this ratio of amino acid oxidation to gluconeogenesis from amino acids for the increments of casein applied here and also allow for increased secretion of protein in milk, then 7-16% of the increase in glucose flux would have been attributable to gluconeogenesis from acids.
Some of the increase in glucose supply may have come via glycerol release from triglyceride if the increase in palmitate flux was the result of enhanced lipolysis. With palmitate constituting 25 molar % of adipose tissue triglyceride (Christie, 1981) As we chose to use [6-3H]glucose to monitor glucose metabolism it is possible that increased Cori cycling accounted for part of the observed changes in glucose flux (Dunn et al. 1976) , although both Clark et al. (1977) and Ranawana & Kellaway (1977) used [U-14C]glucose and found similar changes to those found here (Table 5) , which would imply that enhanced Cori cycling was not great. Views differ on the extent of Cori cycling in lactating ruminants. In sheep as little as 2% (Baird et al. 1983 ) up to 15% (Wilson et al. 1981) of glucose flux has been attributed to Cori cycling. In dairy cows the range is 2-6% (Kronfeld, 1977; Baird et al. 1983 ). If we assume that the extent of Cori cycling on the basal (saline) treatment was minimal at 2% then, to account for the increase in glucose flux above that from gluconeogenesis (from amino acids) and glycerol release, described above, Cori cycling would have to have risen to 9-1 I % of glucose flux.
The fate of enhanced glucose production is equally unclear. Only 29-41 % of the increase in glucose flux appeared as extra lactose secreted in milk. The remainder would either have been oxidized or transferred into other metabolic compartments. It seems unlikely that glucose oxidation would have increased when casein was infused. Clark et al. (1977) noted a fall in glucose oxidation under these circumstances. Enhanced Cori cycling of the extent noted above would, in fact, suggest that glucose oxidation was reduced slightly. A considerable amount of glucose carbon may have entered compartments with a slow turnover, for example protein-bound amino acids (Wilson et al. 1983) and hence have been apparently irreversibly lost from blood during our measurements.
Acetate and palmitate metabolism
The results presented here are the first to show, directly, an effect of supplemental protein on the dynamics of fatty acid metabolism in cows.
That both palmitate and acetate flux rates were found to increase on supplementation with casein suggests that the effect was real, albeit at a modest level of statistical significance (P < 0.1). It may also suggest that some NEFA contributed to enhanced acetate flux which would agree with the suggestion of Pethick et al. (1983) that some NEFA may be oxidized indirectly via ketone bodies and acetate. However, the contribution of NEFA to acetate flux, even assuming that the flux of all NEFA was increased in proportion to palmitate and that all of the increase was converted to acetate, would account for less than one-fifth of the increase in acetate flux.
It is difficult to account for the size of the change in acetate flux. The major contributor to blood acetate is usually absorption from the gastrointestinal tract (Pethick et al. 1981) . Rumen acetate production for the diet used here would have been close to 40 mol(4-4.5 M acetate/kg digestible dry matter consumed; Sutton, 1984) which is very similar to the blood acetate flux on the basal ration. Unabsorbed casein may have stimulated hind-gut fermentation and increased acetate production therein but it is not reasonable to expect a change of the observed magnitude.
Measurements of acetate flux in peripheral blood are likely to be overestimates to the extent that there is some acetate metabolism by the liver (Annison & Lindsay, 1962) . If casein infusion had, for some reason, increased acetate utilization by the liver, an increased artefactual, peripheral acetate flux would have resulted. However, it is not realistic to suggest that a change in liver metabolism would have produced such a large change as that which was observed.
The increase in proportion of blood C0,-C derived from acetate both substantiates the suggestion that casein infusion influenced acetate metabolism and shows that a proportion of the increase in acetate flux was disposed of by oxidation. We do not know the CO, production rate for these cows but with an assumed C0,-C production of 3 kg/d (J. C. MacRae, personal communication) it would appear that one-quarter to one-third of acetate was oxidized in all cases, suggesting no change in the partition of acetate metabolism between oxidation and other pathways.
The observed effects on palmitate metabolism are consistent with the hypothesis that supplemental protein can enhance mobilization of body fat in cows early in lactation (Orskov et al. 1977 (Orskov et al. , 1981 . In our experiment, extra fatty acids made available for milk fat synthesis did not influence the yield of milk fat (Table l) , although there is the possibility that the fatty acid composition of the milk may have changed. This was not determined, however.
Calorimeter experiments have failed to find any shift in partition of energy between body tissue and milk in cows offered different amounts of dietary protein in early lactation (Vermorel et al. 1982) . It is unlikely, however, that such measurements would have the precision to detect shifts in heat production of the size which might result from enhanced substrate cycling as indicated by the results of the present work.
A possible link between enhanced protein supply and alterations in fatty acid availability could be GH. Some earlier work has shown effects of altered protein feeding on blood GH concentration (Oldham et al. 1978 Barry, 1980) and some preparations of the hormone may be lipolytic (Hart, 1983) .
No change in circulating concentrations of GH were observed here but it might be argued that the time period employed to sample blood for G H was too short to allow treatment effects to be seen for a hormone which is known to be secreted episodically (Hart, 1983) . Other work with goats (Gow el al. 1979 ) and cows (Peel et a/. 1982 ) also failed to produce a change in blood GH concentration when casein was infused into the abomasum. Such differences in response should be viewed against the known complexities of nutrient-endocrine interrelationships, which might give doubt as to the meaning of simple descriptions of nutrient effects, or lack of them, on blood hormone concentrations.
We conclude that the protein status of cows early in lactation can influence the dynamics of glucose and fatty acid metabolism. The systems which control this, and especially the translation of an increased turnover of milk fat and lactose precursors into enhanced secretion in milk, are not yet understood. B.A.K. acknowledges receipt of a grant from the Science Research Council. We are grateful to Dr H. Buttle for the surgical preparations of the cows, Dr I. C. Hart for analysing plasma GH levels, Mr D. J. Napper for expert technical assistance, and Mrs R. Fulford for help with statistical analysis.
